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Abstract

A SAPO-11 molecular sieve was dealuminated in H,EDTA solution to different Al content. Dealuminated samples were
characterized by catalytic transformation of butene, o-xylene and cumene, IR analysis of adsorbed pyridine and *'P-,
*5i-MAS-NMR. Dealumination resulted in formation of strong Bronsted acid sites around Si domains. Amorphous AIPO,
formed by deep dealumination of SAPO-11, led to a decrease of Bronsted acidity. The Lewis acidity was reduced by
dealumination. The acidity of dealuminated SAPO-11 was measured and used to elucidate the catalytic properties. Butene
isomerization was proceeded on Bronsted acid sites of medium strength. The selectivity of toluene disproportionation was
favored on Lewis acid sites by low temperature and space velocity. Dealumination of SAPO-11 samples improved cumene
cracking, especialy at high temperatures. The reaction kinetics and mechanism were discussed. © 1999 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Based on the fact that SAPO-11 can effec-
tively convert linear olefinsinto branched olefins
[1,2], which face an increasing commercia re-
quirements, such as iso-butene to the need of
MTBE (methyl tertiary butyl ether) production,
studies of SAPO-11 are growing rapidly [3,4].
Furthermore, the unique acidity of SAPO-11
has evoked a widespread catalytic applications,
for example, phenol butylation [5] and biphenyl
alkylation [6].

* Corresponding author

The formation and modification of SAPOs
are possible by means of hydrothermal method
[7]. SAPO-11 has been hydrothermally synthe-
sized with n-Pr,NH-TPAOH (n-di-propyl amine
and tetrapropylammonium hydroxide) or iso-
Pr,NH-propanol mixtures as template [8], but
the modification of SAPO-11 is to be explored.

In this paper, SAPO-11 was synthesized with
iso-Pr,NH as a novel organic template, and
dealuminated in H,EDTA (ethylene di-amine
tetraacetic acid) solution. Dealumination and its
influence on surface acidity and catalytic behav-
ior in linear butene skeletal isomerization,
toluene disproportionation and cumene cracking
were discussed.

1381-1169,/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.
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2. Experimental
2.1. SAPO-11 samples

SAPO-11 was synthesized by hydrothermally
crystallizing a sol—gel mixture with a composi-
tion of S0O,:P,045Al,O5:H,0:is0-Pr,NH =
(0-0.5):1.2:1.0:55:1.1 in an autoclave at 453 K
for 48 h. Dealumination of SAPO-11 was
achieved in a0.01-0.08 M H,EDTA solution at
338 K. Crystalline products of synthesis and
dealumination process were recovered by wash-
ing and filtering, then dried at 393 K for 5 h and
cacined at 773 K for 1 h.

2.2. Characterization

X-ray diffraction (XRD) measurement was
conducted on a diffractometer D /max-gamma
B using Cu K-alpharadiation. Chemical compo-
sition of crystalline products was determined
with a Hitachi 180-80 spectrometer. *'P, *°Si
MAS-NMR (magic angle spinning nuclear mag-
netic resonance) spectra were taken on a Varian
VXR-200s spectrometer with a Doty Scientific
CP-MAS probe.

Infrared (IR) spectra of adsorbed pyridine on
SAPO-11 were recorded on a 20SX FT spec-
trometer at 10~ 7 Pa. SAPO-11 samples were
initially activated in vacuum at 773 K for 2 h,
then reduced to room temperature, followed by
contacting with pyridine vapor. After that, tem-
perature was stepwise increased for measure-
ment.

Catalytic evaluation was performed in a mi-
croreactor-GC (gas chromatography) system

Table 1
Molar compositions of SAPO-11 and its dealuminated derivatives

loaded with 1.0-1.5 g SAPO-11 samples under
normal pressure. Skeletal isomerization of linear
butenes was conducted at 573-823 K. Hydro-
carbon feed contains linear butenes 68.0 wt.9%,
iso-butene 0.50 wt.%, butane 31.20 wt.%, Cq
and heavier 0.04 wt.%, C,—C,; 0.26 wt.%.
Toluene agent (CP grade) was diluted by H, to
23.3 wt.% and used in catalytic disproportiona-
tion evaluation which was conducted at 753—803
K. Cumene cracking was carried out at 653—703
K with 21.6 wt.% of cumene in H, as reactant.
The feed rate in the evaluation was controlled to
keep a WHSV of linear butenes, toluene or
cumene of 1.0 h™ . The coke content after 0.5 h
reaction was determined by O, consumption at
873 K.

3. Results and discussion

3.1. Sructure and acidity of dealuminated
SAPO-11

The synthesis of SAPO-11 with iso-Pr,NH
as a novel template was verified by XRD mea-
surement [9]. Table 1 lists compositions of
SAPO-11 and its dealuminated derivatives. In
AlPO,-11 molecular sieve, Al and P was alter-
nately distributed. When Si was introduced into
AIPO,-11, it preferably took the same position
as P in framework [10]. The molar content of Si
and P in framework was exactly 0.50 for No. 1
SAPO-11 sample having low S level. This
implied the equivalent substitution of P by Si.
No. 2 SAPO-11 sample contained Si to a level
that S and P molar content in framework was

No. Chemical composition (aSiO, - bAl ,O5 - cP,Og) Framework composition (Si Al P,)O,

a b c X y z
1 1.0 50 45 0.05 0.50 0.45
2 1.0 31 27 0.08 0.49 0.43
1-L18 1.0 4.8 45 0.05 0.48 0.45
1-L2° 1.0 a7 4.4 0.05 0.45 0.43

#No. 1 sample after slight dealumination.
®No. 1 sample after deep dealumination.
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more than 0.50. As a result, it was quite proba-
ble that Si domains formed in No. 2 sample.
This was confirmed by *°Si MAS-NMR analy-
sis as shown in Fig. 1 (curve (b)). Peak at
— 110 ppm represented the Si(4Si) environment
[11], indicating the existence of Si domains.
Peak at —89 ppm was probably to be Si(4Al)
environment. Peaks between —110 and —89
ppm might stand for Si having (1-3)Al atoms
as adjacent neighbors.

No. 1 SAPO-11 sample was dealuminated to
two Al levels as listed in Table 1. *°Si MAS-
NMR spectra of the dealuminated SAPO-11 is
shown in Fig. 1 (curve (a-L1) and (a-L2)).
Since the —110 ppm peak stands for Si do-
mains (Si(4S)) [11], slight dealumination might
lead to the formation of Si domain as the case
of No. 1-L1 sample (Fig. 1, curve (a-L1)). This
was an evidence of ease removal of Al located
between or among Si atoms in framework. The
chemical composition was not equivalent to the
framework composition of No. 1-L2 sample,
that implied the formation of amorphous phase
in the case of deep dealumination. Further-
more, on *'P MASNMR spectrum of deep-

I [ L [
-85 -95 -105 -115

ppm
Fig. 1. ®Si MAS-NMR spectra of No. 1 SAPO-11 sample (curve
(a)), No. 2 SAPO-11 sample (curve (b)), No. 1-L1 SAPO-11
sample (curve (a-L1)) and No. 1-L2 SAPO-11 sample (curve
(a-L2) in Table 1.

dealuminated SAPO-11 sample, a new band
peak aa —20 to —23 ppm was observed. This
peak was assigned to amorphous AIPO, phase
[12], This suggested that Al in P environment
was removed only in deep dealumination stage,
and its remova resulted in a loss of crys
talinity. Based on the structure of SAPOs
[13,14], dealumination process and structure of
dealuminated SAPO-11 can be illustrated in
Fig. 2.

IR spectra of adsorbed pyridine were applied
to detect the number of acidic sites of SAPO-11
samples. The band at 1550 cm™* attributed to
cation chain stretching of pyridine ions and
exhibited Bronsted acidity, and the 1455 cm ™!
band was assigned to carbon chain stretching of
coordinately bonded pyridine complexes and in-
dicating the presence of Lewis acidity [15—-17].
Fig. 3 shows the change of 1455 and 1550
cm~* band intensities of SAPO-11 at different
temperatures. Pyridine desorbed from Bronsted
sites more easier than from Lewis sites with
temperature increase, especially above 673 K.
This indicated that Bronsted acidity mainly re-
mained in intermediate range below 673 K, and
its strength is lower than that of Lewis acidity.
After dight dealumination (No. 1-L1), the
amount of Lewis acidity below 673 K de-
creased, while the acidity at 773 K kept stable.
After deep dealumination (No. 1-L2), Lewis
acidity was decreased in whole temperature
range. Dealumination brought a different effect
on Bronsted acidity from that on Lewis acidity.
The amount of Bronsted acidity below 673 K
reduced with dealumination, while the amount
of Bronsted acidity at 773 K increased with
dealumination. This meant that Bronsted acidity
was uniformly distributed in whole temperature
range upon dealumination. Taking into account
the structure and composition changes, it was
believed that the formation of Si domain en-
hanced the amount of Bronsted acidity at 773 K
and restrained the intermediate Bronsted acidity
below 673 K.

When No. 1-L1 sample was pretreated with
steam, the amount of pyridine on Bronsted sites
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Fig. 2. Planar scheme for the arrangement of Si, Al, P in framework of SAPO-11 and dealuminated derivatives. {Al-P} stands for
amorphous phase, O stands for vacancy after dealumination. Shadow stands for Si domain.

and Lewis sites varied in a great dea (Fig. 3).
The amount of Bronsted acidity increased below
673 K, unchanged at 773 K. The amount of
Lewis acidity decreased, probably due to the
conversion of Lewis sites to Bronsted sites by
H ,O chemisorption.

3.2. Butene catalytic skeletal isomerization

The product distribution of catalytic skeleta
isomerization of linear butenes is exemplified in

Table 2. The following reactions were inferred
to be included in the process. isomerization of
linear butenes, hydrogenation of olefins,
oligomerization of olefins, and cracking of hy-
drocarbons. Furthermore, al of these reactions
but isomerization were accelerated by increas-
ing temperature. This was explained by means
of thermodynamic equilibrium [18].

Fig. 4 shows temperature dependence of coke
yield, linear butene conversion and iso-butene
selectivity. Linear butene conversion was de-
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Fig. 3. Temperature dependence of the amount of pyridine on
Bronsted sites and Lewis sites of SAPO-11 samples (O) No. 1,
(O0) No. 2, (©) No. 1-L1, and (@) No. 1-L2 in Table 1. Dashed
line stood for the experiment in which sample (No. 1-L1) had
been pretreated in steam at 773 K for 0.5 h.

fined as (decrease of weight percentage of linear
butenes after reaction) /(weight percentage of
linear butenes in feed), and iso-butene selectiv-
ity was defined as (increase of weight percent-
age of iso-butene after reaction) /(decrease of
weight percentage of linear butenes after reac-
tion). iso-Butene selectivity varied in a volcano
fashion with temperature, and the maximum
selectivity was achieved at 673 K. Coking phe-
nomenon became serious at 673 K and higher
temperatures that was consistent to the selectiv-
ity drop, while the conversion linearly in-
creased. No. 1 sample had a preferred iso-butene

Table 2
Product distribution of linear butenes isomerization over No. 1-L1
SAPO-11 sample (wt.%)

Product

Reaction temperature (K)
613 673 773 823
C; and lighter hydrocarbon 026 042 084 197

Butane 3519 3731 3934 4023
iso-Butene 141 645 16.74 16.64
Linear butenes 6310 55.70 4264 39.17
C; and heavier hydrocarbon  0.04 010 030 0.84
Coke 0 002 014 115

(o2}
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Fig. 4. Temperature dependence of conversion, selectivity and
coke yield in butene isomerization evaluation over No. 1 SAPO-11
sample (- - - O), No. 2 SAPO-11 sample ( 0), No. 1-L1
SAPO-11 sample ( ©) and No. 1-L2 SAPO-11 sample
(---@) in Table 1.

selectivity, and No. 2 sample that wasrichin S
showed high linear butene conversion. Dealumi-
nation inhibited both linear butene conversion
and iso-butene selectivity. Compared with No.
1 sample, increase of Si content (No. 2 sample)
or dight deaumination (No. 1-L1 sample)
caused a rise of coke yield. These results sug-
gested the dominative effect of strong acidic
sites, that existed in the vicinity of Si-domains,
on coking. As known in the foregoing acidity
section, well-spread Si favored intermediate
acidity and improved iso-butene selectivity,
while deep dealumination destroyed zeolite
structure (amorphous AIPO, was then formed)
and led to a poor product distribution.

3.3. Toluene catalytic disproportionation
Toluene disproportionation in existence of

Mordernite and ZSM-5 zeolites was commer-
cialy used for production of xylene, especially
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Table 3
Product distribution of toluene disproportionation over No. 1-L1
SAPO-11 sample (wt.%)

Table 4
Product distribution of cumene cracking over No. 1-L1 SAPO-11
sample (wt.%)

Product Reaction temperature (K) Product Reaction temperature (K)
753 773 783 803 653 673 683 703

Non-aromatic hydrocarbon 0 0.01 003  0.09 Ci, 0.18 0.40 0.66 137

Benzene 1.37 1.85 244 3.29 Cy 2.78 381 4.77 5.99

Toluene 9620 9570 9440 92.60 Cs s 0.09 0.18 0.35 0.77

p-Xylene 0.37 0.456 0.58 0.67 Benzene 4.62 6.72 8.94 12.84

m-, o-Xylene 146 198 257 338 Cumene 92.30 88.80 85.10 78.60
Coke 0.03 0.09 0.18 0.43

p-xylene, and was till gaining more attentions
in laboratory studies [19-21]. SAPOs molecular
sieves due to their unique acidic properties were
recently applied for toluene disproportionation
[22]. In this paper, SAPO-11 molecular sieve
was tested by toluene disproportionation. Table
3 exemplified the results of toluene dispropor-
tionation on No. 1-L1 SAPO-11 sample. The
reaction products contained benzene, xylene,
methane, ethane and ethene. The non-aromatic
hydrocarbons were from side reactions such as
dealkylation of aromatics, oligomerization of
carbenium and cracking of the oligomers. Coke
was not detected due to the mild reaction condi-
tions.

Disproportionation of short chain alkylben-
zenes was mainly proceeded on Lewis sites via
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Fig. 5. Temperature dependence of toluene disproportionation
activity (DA) and side reaction selectivity (SRS) over No. 1
SAPO-11 sample (- - - O), No. 2 SAPO-11 sample ( o),
No. 1-L1 SAPO-11 sample ( ©) and No. 1-L2 SAPO-11
sample (---@) in Table 1.

spillover of the short chain akyl group and
hydrogen proton [23,24]. Benzene ring was
hardly changed under the evaluation conditions.
Therefore, toluene disproportionation activity
was expressed, based on benzene ring balance,
by (molar yield of benzene and xylene minus
molar yield of carbon atoms in non-aromatic
hydrocarbons) /(molar yield of benzene, toluene
and xylene). Side reaction selectivity was ex-

Cracking Activity (wt%)

(%) uonoeay
Alepuooag

1 | | | L
653 663 673 683 693 703
Temperature (K)

Coke yield (wt%)

Fig. 6. Temperature dependence of cumene cracking activity,
secondary reaction performance and coke yield over No. 1 SAPO-
11 sample (- -- O), No. 2 SAPO-11 sample ( 0), No.
1-L1 SAPO-11 sample ( ©) and No. 1-L2 SAPO-11 sam-
ple (---@) in Table 1.
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pressed by (molar yield of carbon atoms in
non-aromatic hydrocarbons) /(molar yield of
benzene and xylene). Fig. 5 presents the toluene
disproportionation activity and side reaction se-
lectivity of SAPO-11 samples at different tem-
peratures. Toluene diaproportionation increased
with temperature. Dealuminated SAPO-11 sam-
ples had lower toluene disproportionation activ-
ity than the initidl SAPO-11 sample due to
destroy of acidic sites by dealumination. It was
noted that side reactions increased with temper-
ature in a larger speed than the disproportiona
tion reaction, and the former was more sensitive
to temperature than the later. To increase xylene
yield, therefore, reaction should performed at
lower temperature and space velocity.

3.4. Cumene catalytic cracking
Cumene cracking has been used as a test for

acid sites on amorphous aluminum silicate cata-
lysts for decades [25]. Strong acidity especially

Bronsted sites favored cumene cracking [26].
The cracking products contained benzene,
propene and other non-aromatic hydrocarbons.
Table 4 lists an example of cumene cracking on
SAPO-11 molecular sieve (No. 1-L1 sample) at
variant temperatures. Differently from toluene
disproportionation (Table 3), it was observed an
evident coking phenomenon during cumene
cracking. Therefore, oligomerization of cracking
product such as propyl cation was severe on
SAPO-11 molecular sieve during cumene crack-
ing.

Fig. 6 depicts temperature dependence of
cumene cracking activity, coke yield and sec-
ondary reaction behavior of cracking products.
Cumene cracking activity was expressed by (100
minus weight percentage of unreacted cumene
in product). Secondary reactions envolved
oligomerization of cracking products and de-
composition of the oligomers, and were mea
sured by weight percentage yield of C,_, and
C,_s- It was noted that, within the evaluation

1 |-
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T

% Butene Conversion (%)
% iso-Butene Selectivity (%)

; Coke Yield in Butene Isomerization (%)
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—L, Side Reaction Selectivity in Toluene Disproportionation (%)
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Fig. 7. Influence of trace amount of water on catalytic behavior of No. 1-L1 SAPO-11 sample (shadow bar). Black bar is the case before
water was introduced. Reaction temperature was 673, 783 and 683 K for butene isomerization, toluene disproportionation and cumene

cracking, respectively.
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temperature range, fresh SAPO-11 samples (No.
1 and No. 2 samples in Table 1) showed higher
cracking activity, coke yield and secondary re-
action rate than dealuminated samples (No. 1-L1
and No. 1-L.2 samples in Table 1). Since strong
acidic sites were formed in dealuminated sam-
ples, cracking activity and coke yield increased
with temperature more quickly than that of the
fresh samples. No. 2 SAPO-11 sample pos-
sessed large acidity due to high Si content and
showed significant cracking and coking activity,
even though it was not dealuminated. Therefore,
strong acidity favored both cumene cracking
and coking reactions.

3.5. Influence of trace amount of water on
catalytic behavior

Trace amount of H,O vapor was introduced
into reaction system from a saturator during
activity evauation for No. 1-L1 SAPO-11 sam-
ple. This affected the catalytic performance in a
great deal as shown in Fig. 7. Chemisorption of
water vapor modified surface acidity of the
SAPO-11 sample by conversing Lewis sitesinto
Bronsted sites. The intermediate acidity in-
creased due to occurrence of the novel Bronsted
sites, that enhanced both butene isomerization
and cumene cracking. The reduce of Lewis
sites, especially strong acidic sites, inhibited the
coking tendency in butene isomerization and
cumene cracking. Toluene disproportionation
was moderated by H,O chemisorption, while
side reactions such as dealkylation of toluene,
oligomerization of methyl cation and cracking
of the oligomers in toluene conversion in-
creased.

4. Conclusion

Si domains were formed in SAPO-11 when
synthesis mixture contained excessive Si. Dur-
ing dealumination, Al adjacent to Si in SAPO-11
was firstly removed, that led to formation of S

domains, and amorphous AIPO, was then re-
sulted.

SAPO-11 possessed intermediate acidity. S
domains induced strong acidic sites, and amor-
phous AIPO, destroyed the acidity distribution.
Dealumination reduced catalytic activity of
SAPO-11 samples for butene isomerization and
toluene disproportionation. Dealuminated sam-
ples had severe coking yield. Cumene cracking
on dealuminated SAPO-11 samples was more
sensitive to temperature than that on fresh sam-
ples. Adjustment of the acidity of SAPO-11, by
introducing trace amount of water vapor into
reaction system, favored iso-butene formation
and cumene cracking, while coking phe-
nomenon and toluene disproportionation were
inhibited.
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